Cystic fibrosis (CF) is a lethal inherited disease that results from abnormal chloride conduction in epithelial tissues. ClC-2 chloride channels are expressed in epithelia affected by CF and may provide a key ''alternative'' target for pharmacotherapy of this disease. To explore this possibility, the expression level of ClC-2 channels was genetically manipulated in airway epithelial cells derived from a cystic fibrosis patient ( 
Cystic fibrosis (CF) is an autosomal recessive disorder caused by mutations in the CF transmembrane conductance regulator (CFTR). The CFTR protein functions as a cAMP-regulated chloride channel and, in airway epithelia, as a regulator of separate sodium and chloride channels (1, 2) . Loss of CFTR function affects electrolyte transport across apical membranes of epithelial cells leading to altered mucous properties, recurrent episodes of infection and inflammation, and, ultimately, organ destruction (1, 2) . Almost 90% of mortality in CF is due to lung disease (3) . Intriguingly, mice lacking functional CFTR do not develop lung disease (4, 5) . It has been proposed that a Ca 2ϩ -activated chloride channel is active in murine lungs and preserves apical membrane chloride transport in the absence of CFTR (6) . Based on these observations, exploitation of alternative pathways of chloride transport in airway epithelial cells appears to be a viable treatment option for CF.
Several different chloride channels have been characterized in pulmonary epithelia. These include CFTR, an outwardly rectifying chloride channel, the Ca 2ϩ -activated chloride channel, and a volume-sensitive chloride channel (7) . Molecular studies have indicated that a member of the voltage-gated family of chloride channels, ClC-2, is expressed in airway epithelia in a developmentally regulated fashion (8) . Immunohistochemical analysis of rat lung indicates that this channel is located in apical membranes and its distribution overlaps with that of CFTR (9) . Furthermore, expression in Xenopus oocytes revealed that the chloride channel formed by rat ClC-2 has several biophysical features in common with CFTR; a similar anionic selectivity, insensitivity to the channel inhibitor (DIDS), and possible regulation by cAMP (10) . Thus, ClC-2 appears to be a reasonable candidate to provide apical membrane chloride transport in the absence of functional CFTR.
Our laboratory previously had cloned a cDNA (hClC-2) from a human intestinal epithelial cell line (T84) that displayed almost 94% amino acid sequence identity with rat ClC-2 (11) . Northern analysis using a probe derived from this cDNA revealed a single transcript of 3.3 kb in most human tissues, including lung, and an airway cell line derived from a CF patient (11) . The aim of this study was to define the electrophysiologic properties of hClC-2 and to elucidate methods of activating chloride transport via this alternative channel in human cells with dysfunctional CFTR. The results herein indicate that hClC-2 has a number of properties in common with those described for rat ClC-2, including activation by hyperpolarizing voltages and by cell swelling induced by hypotonic extracellular solutions. However, hClC-2 also displays a substantial response to low extracellular pH. These studies indicate that exploitation of this method of ClC-2 activation may provide an alternative pathway for chloride movement across CF epithelia.
MATERIALS AND METHODS
Creation and Characterization of Stable Cell Lines. IB3-1 CF airway epithelial cells (12) were transfected with 2 g of the expression plasmid pBK-RSV (Invitrogen) containing fulllength human ClC-2 cDNA (11) in the sense or antisense orientation mixed with 10 l Lipofectin Reagent (GIBCO͞ BRL). Individual, stably transfected clones were isolated after selection on 180 g͞ml G418 for 6 weeks. Southern blot analysis and autoradiography were performed as described (13) . For RNA analysis, 30 g total RNA was electrophoresed in a 17.5% formaldehyde gel, transferred overnight to Genescreen membrane (DuPont͞NEN), UV cross-linked (0.12 J; Stratalinker, Stratagene), baked at 80°for 2 hr, then hybridized
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in Quick Hyb (Stratagene) for 1 hr at 65°. Washing, autoradiography, and phosphorimage analysis was performed as described (11) . Western blot analysis of the antisense cell lines was performed as described (8) .
Whole-Cell Patch-Clamp Recording. (chelated with 2 mM EGTA), and 5 mM Mg 2ϩ -ATP, pH 7.45. All solutions were passed through a 0.2-filter. NaCl, NaI, and sodium gluconate (145 mM each) replaced Tris⅐Cl in anion permselectivity recordings. Bath pH and pipette solution pH were titrated with 1 M HCl or 1 M Tris to acidify or alkalinize the solutions, respectively. Data were analyzed by using PCLAMP software; membrane capacitance (C m ), membrane resistance (R m ), and series resistance (R s ) were analyzed with PCLAMP and QUA-TRROPRO software using previously described derivations (14) . 
RESULTS
ClC-2 Generates pH-Dependent, HyperpolarizationActivated Chloride Currents. Immortalized airway epithelial cells (IB3-1) from a cystic fibrosis patient with low endogenous levels of ClC-2 RNA were used in this study (11, 12) . Three IB3-1 clonal cell lines (S1, S2, and S3) transfected with a plasmid (pBK-hClC-2) containing the hClC-2 cDNA in the ''sense'' orientation were selected on the basis of G418 resistance. Southern blot analysis revealed that genomic DNA of cell lines S2 and S3 had multiple copies of the full-length pBK-hClC-2 plasmid (Fig. 1A) . The hClC-2 cDNA was not present in cell line S1, indicating that only the portion of the pBK-hClC-2 plasmid conferring antibiotic resistance had integrated. Hybridization of total RNA from each cell line with a probe from the unique 3Ј end of the hClC-2 cDNA identified abundant 3.3-kb and 3.8-kb transcripts in S2 and S3 (Fig. 1B) . The size of each transcript was consistent with use of the native polyadenylation signal (3.3-kb transcript) and a synthetic polyadenylation signal in the pBK-hClC-2 plasmid (3.8-kb transcript). The intensity of each hybridizing transcript varied between 5-and 30-fold higher than the endogenous ClC-2 RNA observed in parental IB3-1 cells and S1 cells. The lack of ClC-2 overexpression in S1 is consistent with the absence of ClC-2 cDNA in the genomic DNA from this cell line. To study ClC-2 function, whole-cell patch-clamp recordings were performed under conditions where Cl Ϫ was the only permeant ion in the pipette (intracellular) and bath (extracellular) solutions.
Currents were recorded in response to a specific voltage protocol; depolarization to ϩ40 mV then voltage steps in Ϫ20-mV increments to a strong hyperpolarizing voltage of Ϫ160 mV. At physiologic pH (7.45), hyperpolarizationactivated Cl Ϫ currents (HACCs) were minimal in Parental and S1 cells expressing endogenous levels of ClC-2 mRNA (S1 shown in Fig. 2A Left) . However, time-and voltage-dependent currents were prominent in the cells overexpressing ClC-2 ( Fig.  2 A Right). Current-voltage (I-V) plots revealed a slight inward rectification of responses from the overexpressing cells (Fig.  2B) .
Based on the observation that acidic extracellular pH resulted in the appearance of HACCs in parental IB3-1 cells, the effect of reducing extracellular pH upon HACCs generated by cells expressing endogenous levels of ClC-2 was compared with those overexpressing ClC-2. In Parental and S1 cells, pH 6.2 had no significant effect on the observed Cl Ϫ currents. However, reduction to pH values of 5.0 and 3.79 resulted in progressively larger HACCs (Parental cells shown in Fig. 3 Left). Currents generated by Parental cells exposed to an extracellular pH of 3.79 were comparable in magnitude to HACCs from overexpressing (S2) cells at pH 7.45 (note difference in current scales in Fig. 3 ). Decreasing the extracellular pH of S2 cells to 6.2 reduced the magnitude of HACCs, whereas lower pH levels of 5.0 and 3.79 markedly stimulated HACCs (Fig. 3 Right). At the lowest pH, HACCs in the overexpressing (S2) cells were more than 4-fold greater than in the parental cells. This effect was restricted to extracellular changes in pH. When the pH of the intracellular solution (pipette pH) was 3.79, no significant change in HACCs was observed in Parental or S2 cells when compared with recordings at pH 7.45 (data not shown). These results suggest that HACCs generated by ClC-2 are affected by acidic extracellular (Fig. 4) . For S1 cells expressing endogenous levels, HACCs were robust in symmetrical Cl Ϫ with a reversal potential (E rev ) of Ϫ2.7 Ϯ 2.2 mV (n ϭ 3), less robust in I Ϫ with an E rev of Ϫ24.2 Ϯ 6.7 mV (n ϭ 3), and minimal in Glu Ϫ with an estimated E rev of Ϫ45 to Ϫ50 mV (n ϭ 3; Fig. 4 ). Parental cells demonstrated the same selectivity series and reversal potentials for each anion as the S1 cells (data not shown). For overexpressing S2 cells, HACCs were highest in symmetrical Cl Ϫ with an E rev of Ϫ1.6 Ϯ 0.8 mV (n ϭ 3), less robust in I Ϫ with an E rev of Ϫ26.7 Ϯ 9.9 mV (n ϭ 3), and least robust in Glu Ϫ with an estimated E rev of Ϫ43 to Ϫ48 mV (n ϭ 3; Fig.   4 ). These results indicate that HACCs in cells expressing low and high levels of ClC-2 have the same relative anion selectivity; Cl Ϫ Ͼ I Ϫ Ͼ Glu. The pH-dependent currents of Parental and S2 cells showed similar responses to a variety of inhibitors. In overexpressing S2 cells at physiological pH (7.45), DIDS (0.5 mM) had no significant effect on HACCs, whereas DPC (0.5 mM) partially inhibited the HACCs at hyperpolarizing voltages in a manner that eliminated the inward rectification of the currents as illustrated in the I-V plot (Fig. 5A) . HACCs recorded from Parental cells stimulated with extracellular acidic pH (3.8) were also insensitive to DIDS and partially inhibited at hyperpolarizing voltages by DPC (data not shown). It has been reported that chloride currents activated by hyperpolarization in human colon carcinoma (T84) cells are inhibited by Cd 2ϩ (15) . Because T84 cells express high levels of ClC-2 RNA (Fig.  1B) , we decided to test whether HACC currents were affected by divalent metal cations. Chloride currents were recorded from S2 cells at physiological pH (7.45) in the absence and presence of a panel of cations including CdCl 2 , ZnCl 2 , NiCl 2 , LaCl 2 , and BaCl 2 . CdCl 2 blocked the ClC-2-like HACCs in a dose-dependent manner with 0.5 mM CdCl 2 abolishing the currents in a reversible fashion (Fig. 5B) . CdCl 2 was the most potent inhibitor, whereas LaCl 3 , ZnCl 2 , and NiCl 2 produced only a partial block and Ba 2 Cl was ineffective (data not shown). HACCs generated by Parental cells at an extracellular pH of 3.8 were also blocked fully by 0.5 mM CdCl 2 (data not shown).
Expression of Antisense ClC-2 Reduces pH-Dependent Cl ؊ Currents in Parental IB3-1 Cells. To confirm that the currents potentiated by acidic bath pH in Parental cells were generated by ClC-2 channels, IB3-1 cells were created that had stably integrated plasmid containing the ClC-2 cDNA in an antisense orientation. Southern blot analysis of genomic DNA indicated that cell lines AS1, AS2, and AS3 each had multiple copies of the intact vector (Fig. 6A) . Lysates of Parental and AS3 cells were analyzed for ClC-2 expression by Western blotting by using chicken anti-rat ClC-2 polyclonal antisera (8) . Consistent with previous studies using this antisera, three bands corresponding to protein of molecular mass 80-89 kDa were detected in Parental cells (Fig. 6B, first lane) . Prior studies have shown that the two larger bands (85 and 89 kDa) correspond to ClC-2 protein fragments whereas the smallest is nonspecific (8) . Western blot analysis of an equal amount of AS3 cell lysate identified the smaller nonspecific 80-kDa band but ClC-2-specific bands of 85 and 89 kDa were not detected (Fig. 6B, second 
FIG. 2. Cells overexpressing ClC-2 have HACCs at physiologic pH.
(A) Representative whole-cell Cl Ϫ current recordings of an S1 cell expressing endogenous levels of ClC-2 and an S2 cell overexpressing ClC-2 at pH 7.45. The holding potential was 0 mV, and voltage was stepped to ϩ40 mV for 20 msec then decreased in 20-mV increments to Ϫ160 mV. (B) Current-voltage plot of mean responses for S1 cells (n ϭ 6) and for cells S2 (n ϭ 17) and S3 (n ϭ 10). Error bars indicate the standard error of the mean. Asterisks indicate a significant difference (P Ͻ 0.05) in current amplitude at Ϫ160 mV between S1 and S2 cells and between S1 and S3 cells using ANOVA and Bonferroni ad hoc tests .   FIG. 4 . pH-dependent hyperpolarization-activated currents in cells expressing endogenous levels of ClC-2 (S1) and cells overexpressing ClC-2 (S2) are chloride-selective. Current-voltage (I-V) plots of HACCs from S1 and S2 cells in Cl Ϫ , I Ϫ , and Glu Ϫ with an extracellular pH of 3.8 (n ϭ 3 for each). Error bars indicate the standard error of the mean. Asterisks indicate a significant difference (P Ͻ 0.05) from the Cl Ϫ I-V plot by ANOVA and Bonferroni tests. cells (Fig. 6C) . ClC-2 Cl Ϫ currents were observed in all Parental cells with a mean current of 2,468 Ϯ 234 pA whereas AS3 cells had a significantly lower mean current of 1,175 Ϯ 226 pA. In 8 of 11 AS3 cells, less current was observed than the mean current observed in parental cells, and in two recordings no current was detected. One AS3 cell had currents that were greater than the mean of parental cells. Taken together, these data show that reduction in ClC-2 expression in IB3-1 cells resulted in lower pH-augmented hyperpolarization-activated whole-cell Cl (Table 1) .
However, acidic pH-stimulated rates of 36 Cl Ϫ efflux of overexpressing (S2 and S3) cells were significantly greater than those of Parental and S1 cells, and the duration of the responses was longer (Table 1 ). Alkaline pH (11.2) did not stimulate or reduce 36 Cl Ϫ efflux in any of the cell lines (data not shown). A variety of other stimuli were tested, including hypotonic cell swelling (50% dilution of the bath osmolality with distilled water), cyclic AMP agonists (CPT-cAMP with forskolin), and the Ca 2ϩ ionophore ionomycin (to increase [Ca 2ϩ ] i ). The response to hypotonic swelling was significantly longer in duration in cells overexpressing ClC-2 (S2 and S3) when compared with Parental and S1 cells (Table 1) . This prolonged response to hypotonicity suggested a role for ClC-2 Cl 
DISCUSSION
Dysfunction of a cAMP-activated apical membrane chloride channel in epithelia produces the CF phenotype (1, 2) . In this study, we explored the feasibility of restoring a path for chloride transport in CF epithelia by using a different channel. The ClC-2 channel was selected because its localization (9) and a number of functional characteristics are similar to those of CFTR (10) . However, ClC-2 is expressed ubiquitously (10) and its mRNA transcript was present in every human cell line tested. We therefore selected the CF airway epithelial cell line IB3-1 because it lacked functional CFTR and displayed a low level of endogenous ClC-2 expression. IB3-1 cells overexpressing human ClC-2 generated robust HACCs at physiologic extracellular pH (7.4) . Both parental and overexpressing cells generated HACCs, and we believe that these currents can be attributed to ClC-2 because of the following reasons. First, HACCS in both cell types had the same I-V relationship, anionic selectivity, and inhibitor profile. Second, the magnitude of HACCs correlated with increased expression of ClC-2. Third, and perhaps most convincingly, IB3-1 cell lines stably transfected with an antisense ClC-2 construct had reduced ClC-2 protein and significantly reduced HACCs. Together, these observations indicate that ClC-2 channels are the molecular basis for pH-dependent hyperpolarization-activated chloride currents in IB3-1 cells.
The properties of the ClC-2 currents in IB3-1 cells matched those of HACCs characterized in the T84 colonic tumor cell line (15) . These cells have been used extensively for study of CFTR function and express ClC-2 at high levels (Fig. 1B) . ClC-2 channels have also been identified by immunocytochemistry in pig pancreatic acinar cells (16) and by RNA in situ hybridization in pyramidal cells of the hippocampus (17) . Both cell types displayed inwardly rectified HACCs (16) (17) (18) . In the pancreatic cells, HACCs could be activated by extracellular hypotonicity and displayed a comparable anionic selectivity to human ClC-2. Thus, ClC-2 channels in mammalian cells are associated with chloride currents that have a consistent profile; activation by hyperpolarizing voltage and by cell swelling, inward rectification, Cl Ϫ Ն Br Ϫ Ͼ I Ϫ selectivity, and inhibition by divalent cations.
Expression of ClC-2 channels in Xenopus oocytes has been associated with two different profiles. Using two-microelectrode recordings of intact oocytes, Jentsch and colleagues have shown that currents attributed to rat ClC-2 exhibit properties that are quite similar to those reported for ClC-2 channels in mammalian cells (10, 19, 20) . Cuppoletti and coworkers isolated a cDNA encoding a protein termed ClC-2G from a rabbit gastric library that displays a high degree (Ͼ90%) of amino acid similarity to human ClC-2 and to rat ClC-2 (21). Injection of Xenopus oocytes with in vitro-transcribed RNA from a truncated version of this cDNA missing the canonical methionine was associated with anionic currents in reconstituted oocyte membrane vesicles (21) . The characteristics of these channels were different from the properties of rat ClC-2 studied by two-microelectrode recordings of intact oocytes. ClC-2 had a linear rather than inwardly rectifying I-V relationship and a different anionic selectivity, with iodide being more permeable than chloride (21) . The same investigators have recently cloned a human cDNA from lung that they have named ClC-2G (22) . Analysis of reconstituted membrane vesicles from oocytes injected with RNA transcribed from the human ClC-2G cDNA had similar properties to those reported for rabbit ClC-2G. It has been suggested that ClC-2G is a novel member of the ClC-2 family. However, human ClC-2G is identical at the nucleotide level to human ClC-2 (22) . Probes derived from the human ClC-2 cDNA detect a single mRNA transcript in human tissues (11) and a single DNA fragment after restriction digestion of genomic DNA (Figs. 1 A and 6A ), indicating that a single gene encoding ClC-2 exists in humans (11) . The different biophysical profile reported for ClC-2G may be a result of the expression system utilized. Reconstituted membrane vesicles from oocytes may contain intracellular membranes with incompletely processed forms of ClC-2 or endogenous chloride channels that have properties distinct from mature ClC-2 inserted into the cell membrane.
Can ClC-2 channels provide an alternative pathway for chloride conduction in CF patients? Immunocytochemical studies indicate that ClC-2 is present the apical membranes of epithelial cells lining the small airways, the predominant site of CF lung disease (8, 9) . Studies of ClC-2 expression reveal that it is expressed at high levels in the airway cells in utero and is down-regulated after birth, remaining at a low level of expression in the adult airways (8, 22) . This pattern of expression suggests that ClC-2 may be involved in fluid secretion in the developing fetal lung. However, it is not clear whether the channel is expressed at sufficient levels postnatally to provide substantial chloride transport in the airways. We have demonstrated that hypotonicity and low pH can elicit a significant chloride efflux via ClC-2 in parental IB3-1 cells that express low mRNA levels of this channel. Determining whether primary airway epithelial cells produce a similar response should be the subject of future study. Activation of ClC-2 in airway cells in vivo presents a second obstacle. Although drastic changes in extracellular pH are not feasible, it may be possible 36 Cl Ϫ efflux rates that were significantly greater (P Յ 0.05) than the rate before application of agonist. An asterisk indicates time points at which the 36 Cl Ϫ efflux rates of ClC-2 overexpressing cells (S2 and S3) were significantly greater (P Ͻ 0.05) than cells expressing endogenous levels of ClC-2 (Parental and S1) using the paired Student's t-test.
to select pharmacologic agents that can activate ClC-2 channels by using cell lines created here. Elucidation of the mechanism of pH activation of ClC-2 channels may aid the search for such agents. In summary, this study illustrates that chloride conduction in airway cells devoid of functional CFTR can be increased by manipulation of an endogenous channel.
